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Abstract 
In earlier published papers simulation of electromagnetic forming (EMF) was often con-
ducted assuming that pulsed electromagnetic load can be replaced by the pulse of me-
chanical force calculating its parameters similar to R-L-C electric circuit. However, in many 
practical cases, parameters of this circuit are variable during the process because of the 
displacement of the blank and from one operation to another due to the accumulation of 
heat in the coil. The distribution of electromagnetic forces is also non-uniform and may 
affect the quality of the part being stamped. In our opinion, the accuracy of the simulation 
of EMF can be significantly improved if the formulation of the problem includes Maxwell 
equations of the electromagnetic field propagation, equations of dynamic elastic-plastic 
deformation, and heat transfer equations all coupled together. In addition, this approach 
may provide knowledge of electromagnetic coil deformation, which was investigated ear-
lier with significant simplifications. The complexity of the problem is defined by mutual 
dependence of all three physical processes (electromagnetic field propagation, dynamic 
elastic-plastic deformation, and heat transfer) and variable boundary conditions.  
The propagation of the electromagnetic field is defined by quasi-stationary Maxwell 
equations transformed in Lagrangian form. The dynamics of elastic-plastic deformation is 
modeled using the solid mechanics equation of motion, the modified theory of elastic plas-
tic flow, and the Von Mises yield criterion. The energy conservation law is employed for 
the simulation of heat transfer, which is important to define the appropriate stamping rate 
without overheating the coil. 
The developed methodology is illustrated by 2D examples of cone formation from 
sheet using a flat coil and the conical die and 2D plane strain sheet formation by direct 
propagation of the electric current through the metal bar, serving as a coil, and through 
the deformed sheet.  
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1 Introduction 
In earlier published papers simulation of electromagnetic forming (EMF) was often con-
ducted assuming that pulsed electromagnetic load can be replaced by the pulse of me-
chanical force [1]. Parameters of this pulse were calculated similar to R-L-C electric circuit 
[2]. However, in many practical cases, parameters of this circuit are variable through the 
process because of the displacement of the blank and from one operation to another due 
to the accumulation of heat in the coil. The distribution of electromagnetic forces is also 
non-uniform and may affect the quality of the part being stamped. In our opinion, the accu-
racy of the simulation of EMF can be significantly improved if the formulation of the prob-
lem includes Maxwell equations of the electromagnetic field propagation, equations of 
dynamic elastic-plastic deformation, and heat transfer equations all coupled together. In 
addition, this approach may provide knowledge of the deformation of the electromagnetic 
coil, which was investigated earlier with significant simplifications [3]. 
The complexity of the problem is defined by mutual dependence of all three physical 
processes (electromagnetic field propagation, dynamic elastic-plastic deformation, and 
heat transfer) and variable boundary conditions.  
2 Theoretical approach 
The propagation of the electromagnetic field is defined by quasi-stationary Maxwell equa-
tions: 
jH =×∇  (1) 
E
t
H
a ×−∇=∂
∂µ  (2) 
)HvE(j a ×+⋅= µσ  (3) 
where H is the magnetic field intensity; j is the current density; E is the electric field inten-
sity; σ is the electric conductivity; v is the velocity; µ a  is the magnetic permeability of me-
dium under consideration. For short duration processes we assume µ a  = 4π10-7 H/m. 
Taking into account specifics of the electromagnetic forming processes, including an 
almost stationary coil, a die and a quickly accelerated blank, the equation for the magnetic 
field intensity H can be transformed in Lagrangian form. Based upon equations (1)-(3), the 
equation relating to the vector H can be written as: 
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or transformed in integral form 
( )HdsvHdsHdV
dt
d
V S S
aa ×∇×=−∫ ∫ ∫ σµµ 1  (5) 
Where V is the volume restricted by the surface s; ds = ndS; n is external normal to S; 
d/dt = ∂/∂t + v · ∇. 
Dynamic elastic-plastic deformation of solids can be defined by the following equations: 
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∫ ∫ ∫+⋅=
V S V
fdVdsvdV
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d σρ  (6) 
where 
( )HHjHBjf aa ×∇×−=×−=×= µµ  (7) 
σ = pI + S is the stress tensor; ρ is the density; p is the pressure; S is the deviator part of 
the stress tensor, 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= 1
0V
VKp , DGBS =  (8) 
V and V0 are actual and original volumes respectively; BD is the deviator part of the left 
Cauchy-Green tensor B; B = F · F T ; F = dx/dX is the deformation gradient tensor; x is the 
vector of actual location; X is the vector of original location; K and G are bulk and shear 
modulus respectively. 
The Von Mises yield criterion is used to describe the elastic limit: 
( )
3
2
2
ySJ
σ≤−  (9) 
where σ y  is the current plastic flow stress (depends upon strain and strain rate).  
The energy conservation law is employed in the following form: 
∫ ∫=
V V
V PdVTdVcdt
d  (10) 
where T is the temperature; P = j 2 /σ is the power generated in the form of heat while the 
electric current is running through the coil and blank because of the active resistance of 
their materials.  
The system of equations (5)-(10) represents the full formulation of the problem. This 
system is solved numerically using the finite volume method. Initially, the nonorthogonal 
Lagrangian mesh is introduced; a fragment of the 2D mesh (for simplicity) is shown in 
Figure 1(a). The computational domain is divided into cells. Each cell consists of two tri-
angles in 2D case called elements (or six tetrahedrons in 3D case) as illustrated in Figure 
1(b) and (c) respectively.  
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Figure 1: (a) Fragment of 2D Lagrangian mesh ( •  are the nodes); (b) 2D element; (c) 3D 
element 
A control volume V (grey in Figure 1(a)) is corresponded to every node of the mesh. The 
explicit approximation is used for the calculation of new values of velocity in every node. 
Equations (5), (6) and (10) are solved using the technique described in [4].  
For the solution of the elastic-plastic part of the problem (6)-(9) the new return-map 
algorithm was applied. Taking into account the equations (8), we can transform the condi-
tion (9) in the form 
2
2
2
2 3
k
G
)B(J yD ≡≤−
σ
 (11) 
where k 2  is a material characteristic. The condition (11) determines the restrictions on the 
deformation field. We will illustrate all the specifics of the new return-map algorithm con-
sidering only one tetrahedral element of the mesh abcd (Figure 1(c)). We denote the initial 
position of the tetrahedron vertices at the initial time by position-vectors X a , X b , X c  and 
X d . Due to the deformation process, the vertices shift from their initial positions. We de-
note the actual position of the vertices of the tetrahedral element at time t by x a , x b , x c  
and x d . Let x i  and X i  (i = 1,2,3) be the right-hand set of vectors directed along any three 
different ribs of the tetrahedron (Figure 1(c)). Let us introduce the linear transformation of 
the element from its initial to its actual position (see more details in [4]): 
bXAx +⋅=  (12) 
Using the transformation (12) we can find the deformation gradient tensor F in the element 
( )
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We define A from the following system 
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Then we obtain 
( )imii eXexA ⋅=  (15) 
Finally, combining (13) and (15) we can define the finite difference approximation of B for 
the element: 
RGRB T ⋅⋅=  (16) 
where G = e k  X k ·X m  e m ; R = e k  x k ; x i  and X i  are the sets of vectors reciprocal with x i  
and X i  respectively (see for example [4]).  
It is important to stress that all information about the initial configuration of the element is 
concentrated in tensor G and its initial volume V0. We can assert that G and V0 play the 
role of the memory of the element and keep the information about its initial configuration. 
Among two G and V0, the condition (11) contains G only. We named it the tensor of initial 
configuration. If the deformation of the element exceeds the critical value, then condition 
(11) is not satisfied any more and the internal structure of the solid body is irreversibly 
changed. In other words, the initial configuration of the element and, consequently, the 
tensor G should be changed in such a way that the equation 
( ) 22 kBJ D =−  (17) 
is satisfied. 
We proceed step by step in time. At the initial time step in addition to all other values, we 
have to calculate G for every element of the mesh. Assuming that we had already found 
the new positions of the element vertices and then calculated the set of vectors x s n+1 at 
n + 1 time step, we carry out the predictor step and put 
( ) 11 ++ ⋅⋅= nnnT RGR'B  (18) 
If the condition 
( ) 22 k'BJ D ≤−  (19) 
is satisfied, then the tensor G n  does not change (i.e. G n +1 = G n ). Suppose that condition 
(19) does not hold. Then we should find the new tensor G n +1 for the element which satis-
fies the following equation for B n +1 = (R T )n+1 · G n +1 R n +1: 
( ) 212 kBJ nD =− +  (20) 
The value of G n +1 satisfying this condition may be defined in the form 
( ) 11 1 ++ ⋅−+= nnn 'GaaGG  (21) 
where G’ = e k  x k  ·x m  e m  and  
)'B(J
ka
D2−
=  (22) 
Now equation (20) is satisfied exactly. 
The “difference” (difference - not in a sense of withholding, but in a sense of shape differ-
ence) between G n +1 and G’ is a critical elastic deformation of the element permissible by 
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the condition (19). The difference between G n +1 and G n  configurations is the plastic (irre-
versible) deformation. 
3 Numerical examples 
The described algorithm was employed for simulation of pulsed electromagnetic forming 
of aluminium sheet into a conical die cavity. The five-turn flat electromagnetic coil was 
used as a tool generating the electromagnetic pressure, as shown in Figure 3. The distri-
bution of the electromagnetic field was defined in a 2D formulation assuming that the coil 
is axisymmetrical and includes five circular turns.  
 
Figure 3: Assumed 2D schematic of the process 
The electromagnetic forming machine serving as a generator of pulsed currents can be 
represented as a R-L-C circuit, as it is indicated in Figure 4. The electric current running 
into a coil-blank system as a boundary condition can be defined using an explicit integra-
tion procedure.  
 
Figure 4: R-L-C contour: R1, L1 and C are the characteristics of the electromagnetic form-
ing machine; R2 and L2 are the characteristics of the coil 
R1 
R2 
L1 
L2 
C 
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The full electric current in this circuit can be defined from the following system: 
( ) URI
dt
LId =+  (23) 
I
dt
dUC −=  (24) 
where L = L1 + L2 and R = R1 + R2.  
At every time step we solved equations (23) and (24) and, based upon the defined value 
of the current I, calculated the density of the electric current in the coil j = I/S, where S is 
the square of the cross-section of the coil. 
Characteristics of the electromagnetic forming machine, serving as an external cir-
cuit to the coil-blank system, were the following: R 1  = 0.01…0.001 Ω; L 1  = 10-9 H; 
C = 2·10-4 F; The charging voltage of the capacitor bank was U 0  = 5 kV. The values of R 2  
and L 2  were defined at every time integration step. 
The contact interaction between the blank and the die was modeled employing the 
mild contact algorithm. The whole problem was solved numerically using a Lagrangian 
mesh which was periodically re-meshed in the areas between the coil and the blank and 
between the blank and the die. The results of the simulation of a 1 mm aluminum sheet 
formation into a conical die cavity is shown in Figures 5 and 6. It can be indicated that the 
central part of the sheet is delayed relatively to the area adjacent to it. The transverse 
wave of plastic deformation propagates in radial direction from the periphery of the blank 
towards its center, as it was previously observed in experimental studies [6].  
 
Figure 5: Dynamics of forming of an aluminium sheet into a conical die 
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Figure 6: Displacement of the middle point of the sheet vs time 
The distribution of the electromagnetic field intensity in transverse pulsed forming of 
sheets by direct propagation of the electric current through the metal bar, serving as a 
coil, and in opposite direction through the deformed aluminium sheet is shown in Figure 7. 
This test shows the important benefit of providing an almost uniform distribution of elec-
tromagnetic pulsed pressure on the sample. The corresponding formation of the  
100 mm long and 1 mm thick aluminium strip is illustrated in Figure 8. 
 
Figure 7: Distribution of the electromagnetic field intensity for the 2D plane strain sheet 
formation by direct propagation of the electric current through the metal bar 1, serving as 
a coil, and through the deformed aluminium sheet 2 
1
2 
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Figure 8: Deformation process for the strip subjected to pulsed electromagnetic load by 
direct current propagation 
4 Conclusions 
A fully coupled numerical procedure incorporating an electromagnetic field propagation, a 
dynamic elastic-plastic deformation, and a heat transfer has been developed based on the 
Finite Volume Method of integration. Provided examples validate the developed model for 
plane strain and axisymmetrical deformation. 
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